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Principal Investigator/Program Director (Last, first, middle):Chen, Xiaoyuan
INTRODUCTION

Angiogenesis, the formation of new capillaries from the pre-existing blood vessels, is a
fundamental process involved in breast cancer tumor growth and metastasis [1].
Molecular imaging of tumor angiogenesis will play a key role in the development of anti-
angiogenic therapies [2]. The vitronection receptor avP3 integrin, which is highly
expressed on activated endothelial cells and breast cancer tumor cells, is responsible for a
wide range of cell-extracellular matrix and cell-cell interactions [3]. Cyclic RGD peptides
have been shown to block tumor angiogenesis without affecting pre-existing blood
vessels; radiolabeled RGD peptides have also been shown to be able to demonstrate
receptor specific tumor uptake [4]. The emerging field of near-infrared fluorescence
(NIRF) imaging has awakened a great deal of interest in developing targeted optical
contrast probes as an alternative to radioactive imaging methods, employing relatively
low cost instrumentation and using non-ionizing radiation. The deep tissue propagation of
Near-infrared (NIR) light between 700 and 900 nm offers new opportunities for
diagnostic imaging when employing sensitive detection techniques and NIR excitable
fluorescent agents that target and report disease and metabolism [5,6]. Nano-sized
semiconductor particles, or quantum dots that have high quantum yields, narrow emission
bands, high absorbancy, very long effective Stokes shifts, high resistance to
photobleaching, and can provide excitation of several different emission colors using a
single wavelength biological application, potentially can provide long-term, multi-target,
and highly sensitive optical imaging [7]. This proposal is to compare the NIR
fluorescence imaging quality of RGD-QD and RGD-Cy5.5 conjugates for subcutaneous
tumor delineation. Specific Aim 1: to prepare water-soluble QD-RGD conjugates and
characterize the probes in vitro; and Specific Aim 2: to assess the tumor targeting
efficacy of QD-RGD in breast cancer model.
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BODY

Water-soluble quantum dots are available from both QDots, Inc. (http://www.qdots.com)
and Evident Technologies, Inc. (http://www.evidenttech.com). The quantum dots from
QDots are always modified with biomolecules, such as biotin, streptavidin, primary
antibody, or secondary antibody, which do not allow further modification on the surface.
On the other hand, biocompatible quantum dots from Evident Technologies, so-called
Evitags, have multiple carboxylate or primary amino function groups are suitable for
RGD peptide conjugation. We have thus chosen Evitags for our studies. The quantum
core material is comprised of InP. Transmission electron microscope (TEM) analysis
indicated that the particles look very uniform in size with an average diameter of 7 nm.
They also arrange themselves in very nice arrays (Fig. 1). The peak emission wavelength
of the InP core EviTags was determined to be in the NIR region at 725 nm (Fig. 2).

~ 44

4

Fig. I TEM analysis of NIR emitting InP quantum dot core material. At low magnification (left) the
particles are shown to be of relatively uniform size. At higher magnification (right) the average
size of the particles can are determined to be approximately 7 nm.
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Fig. 2 Absorption and emission spectra of Intu. The peak emission wavelength is shown to be at

725 nm.Conjugation of this carboxylate-Evitag with cyclic RGD peptide is straightforward. The
carboxylate groups on the Evitag surface was activated by using EDC and sulfo-NHS to
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form sulfonylsuccinimidyl active esters (Fig. 3). The unreacted EDC and sulfo-NHS was
then removed by spin filtration and coupled with RGD peptides. A schematic structure of
the RGD-Evitag conjugate is shown in Fig. 4. Monomeric, dimeric and tetrameric RGD
peptides (Fig. 5) with different integrin receptor bindinga ffinities were tested.

O~EDC ?N 7H Sulfo-NHS

*0 Nanocrystals 1rTarget Molecule

Fig. 3 Covalent immobilization of proteins or peptides to carboxy-EviTags using EDC and sulfo-
NHS.

RGoPepts Fig. 4 Schematic illustration of RGD-Evitag conjugate
for in vitro and in vivo tumor targeting and imaging. The
NIR fluorescence emitting peptide-QD conjugates are
expected to have approximately 10 to 35 nanometers in
size and 2-20 RGD peptides per nano particle, which
may offer advantages of long photostability, unique

\ - optical and electronic properties, and polyvalent
co-s cos inetgrin bindings.
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Fig. 5 Structures of monomeric, dimeric and tetrameric RDG peptides. Integrin av03 receptor
binding affinity of these peptides follows the order of tetramer > dimer > monomer due to
polyvalency.

The RGD-conjugated EviTags are highly photo-resistant with fluorescence lifetimes of
up to a week under illumination, with little or no photobleaching. We have profiled
EviTags against traditional organic fluorophores to illustrate their enhanced
photostability (Fig. 6). In a dual labeling experiment, nuclear proteins were labeled with
FITC and cell surface receptors were labeled with EviTag-antibody conjugates. After
150 seconds of constant exposure to laser excitation, FITC underwent extensive
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photobleaching, while the EviTags showed no detectable change in their fluorescence
brightness.

- -H

Fig. 6 Fort Orange EviTags (600nm) versus FITC in a double staining of HepG2 cells. At t = 0
sec (left) both the Fort Orange EviTag and FITC fluorophores have similar brightness. After 150
sec of continuous exposure to excitation light, the Fort Orange EviTag brightness is unchanged
while the FITC brightness is considerably diminished.

However, when the RGD-Evitag conjugate was injected through tail vein into a nude
mouse containing orthotopic MDA-MB-435 tumor xenograft. The quantum dot probe
aggregated and clogged in the lung without further distribution. The same phenomenon
was observed with Evitags with no RGD peptide modification, presumably due to the
lack of suitable surface coating that can maintain high quantum yield and confer stability
in biological fluid. In parallel, we tested fluorescent dye labeled RGD peptides for tumor
imaging.

We found that different tumor cells express significantly different amount of integrin
acv33. As shown in Fig. 7, the aPv33 integrin on breast cancer cell lines (MCF-7, MDA-
MB-468, MDA-MB-231, and MDA-MB-435) and brain tumor cells (U87MG) were
characterized by Western Blot analysis using monoclonal antibody LM 609. Each cell
type displays a different repertoire of (Xv33 on the cell surface. All four breast cancer cell
lines had significantly lower integrin levels than that of U87MG glioma cell line. Among
the breast cancer cells, the integrin levels follow the order of MDA-MB-435 > MDA-
MB-231 > MDA-MB-468 > MCF-7, which correlates well with the metastatic potential
of these cells and their ability to adhere and migrate as reported in the literature.

a4•, MDA-MB-231 MDA-MB-435 MDA-MB-468 MCF-7 U87MG

Fig. 7 Western blot analysis for av0 3 integrin in different tumor cells. Lysates were
immunoprecipitated with avA3 specific antibody LM609.
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The structure of conjugate coupled between monomeric RGD peptide and Cy5.5 [8]. was
shown in Fig. 8. The absorption and fluorescence emission characteristics of RGD-Cy5.5
conjugate were similar to those of free Cy5.5, as apparent from the spectra measured in
1120, except that the emission maximum slightly blue shifted from 694 nm (Cy5.5-NHS
ester) to 690 nm (RGD-Cy5.5 conjugate). The yield of RGD-Cy5.5 conjugate was
typically 70 to 75% as calculated with t678 nm = 250,000 (mol/L)-lcm-1. Modification of
the RGD peptide with Cy5.5 somewhat decreased its receptor binding avidity, with the
IC50 values for c(RGDyK) and RGD-Cy5.5 being 37.5 ± 3.4 nM and 58.1 + 5.6 nM,
respectively.

so 3" so,"

"" *o*"100- echistatin
-03S N N 3.SO 80 A c(RGDyK)

x c(RGDyK)-Cy5.5

L 60-
D-Tyr

Lys H0 4-

HN 0 RGD-Cy5.5 0 20
4P')=~O HN H.

HOA'J'NH• ' 0", •NrNH2 O

Asp o NNH Arg -11 -10 .9 -8 -7 -6 -5

G• log [M]

Fig. 8 Left: Schematic structure of the RGD-Cy5.5 conjugate. Right: Competition of specific
binding of 125 1-echistatin with unlabeled echistatin (m), c(RGDyK) (A), and c(RGDyK)-Cy5.5 (x) to
purified avP3 integrin as determined using the solid-phase receptor assay. All points were done in
triplicate. Cy5.5 conjugation did not significantly decrease the receptor binding affinity of the
resulting fluorescent cyclic RGD peptide.

To demonstrate that the RGD-Cy5.5 conjugate can act as a specific ligand for avP3
integrin receptor, binding and subcellular localization of cyanine dye labeled RGD
peptide were incubated with U87MG tumor cells and HBCEC cells that are known to
overexpress avP3 integrin. Negligible signals were detected in both cell lines when cells
were incubated with Cy5.5 dye (data not shown). Receptor mediated endocytosis of the
RGD-Cy5.5 conjugate was observed by confocal laser scanning microscopy' in both cell
types (Fig. 9A,C and Fig. 3F, H). Binding of RGD-Cy5.5 to both cells types was
completely blocked by co-incubation of the conjugate and c(RGDyK) (1 PM) (Fig. 9D, I).

_A I

Fig. 9 Specific binding and endocytosis of the Cy5.5 labeled cyclic RGD peptide c(RGDyK).
Confocal laser scanning microscopy images of U87MG human glioblastoma (A-E) and HBCEC
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Principal Investigator/Program Director (Last, first, middle):Chen, Xiaoyuan
human brain capillary endothelial cells (F-J) incubated for 1 h at 37 OC in the presence of 100 nM
RGD-Cy5.5 with (D-E, I-J) or without (A-C, F-H) blocking dose of non-fluorescent RGD peptide
c(RGDyK) (10 pM). (A, F): NIR fluorescence images of U87MG (A) and HBCEC (F) cells; (B, G):
direct visualization of U87MG (B) and hBCEC (G) cells; (C, H): merged images of A/B and F/G,
respectively. (D, I): Complete blocking of NIR fluorescence of both U87MG cells (D) and HBCEC
cells (I) demonstrating high vlP33 integrin specificity of the conjugate. (E, J): direct visualization of
U87MG (E) and HBCEC (J) cells under blocking condition.

Fig. 10A shows typical NIR fluorescence images of athymic nude mice bearing
subcutaneous U87MG glioblastoma tumor after intravenous (i.v.) injection of 3 nmol of
RGD-Cy5.5. The whole animal became fluorescent immediately after injection, and the
subcutaneous U87MG tumor could be clearly delineated from the surrounding
background tissue from 30 min to 24 h p.i. with maximum contrast occurring around 4 hr
post-injection. Significantly amount of fluorescence was still detectable in the tumor at
48 h after contrast injection (data not shown). The fluorescence intensities defined as
photons per second per centimeter squared per steradian (p/s/cm 2/sr) in the tumor and the
normal tissues as a function of time are depicted in Fig. 11. The tumor uptake reached
maximum at 2 h p.i. and slowly washed out over time. On the other hand, normal tissue
had rapid uptake and relatively rapid clearance. The dose dependence of tumor-to-normal
tissue contrast was also measured. Significant difference in tumor contrast was observed
from 30 min to 4 h p.i. The mice injected with 3 nmol fluorescent probe had the lowest
tumor contrast, while those with 0.5 nmol probe had the highest tumor contrast. The mice
injected with 0.1 nmol probe had intermediate contrast. The difference diminished at 24 h
time point. The tumor contrast was significantly higher at 600 than at 00 for both control
and block animals.

i-600

4 00

i.200

10 min 30 min 1 h 2 h 4 h 24 h

i .100

:so o

40

Experiment Block 1"

B C

Fig. 10 (A) In vivo fluorescence imaging of subcutaneous U87MG glioblastoma tumor bearing
athymic nude mice after intravenous injection of RGD-Cy5.5 conjugate. Dye labeled RGD peptide
was administered at a dose of 3 nmol/mouse via a lateral tail vein. All NIR fluorescence images
were acquired using a 120 s exposure time (f/stop = 4) and are normalized to the 10 min dorsal
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image. The position of the tumor is indicated by an arrow. Fluorescence signal from Cy5.5 was
pseudo-colored red. (B) Representative NIR images (600 mounting angle) of mice bearing
subcutaneous U87MG tumor on the right shoulder demonstrating blocking of RGD-Cy5.5 (0.5
nmol) uptake in the tumors by co-injection with 10 mg/kg of c(RGDyK). Pseudo-color
fluorescence images of tumor bearing mice were acquired 4 h after intravenous injection of RGD-
Cy5.5 (left: experiment) or RGD-Cy5.5 + RGD (right: block). (C) Representative images of
dissected organs of a mouse bearing U87MG tumor sacrificed 4 h after intravenous injection of
RGD-Cy5.5 at a dose of 0.5 nmol equivalent Cy5.5/mouse. 1, U87MG tumor; 2, muscle; 3,
pancreas; 4, liver; 5, kidney; 6, spleen; 7, lung.

In order to validate the specificity of the targeting process, we performed a blocking
experiment. The control mice were each injected with 0.5 nmol of RGD-Cy5.5, and those
as in the blocking experiment were each co-injected with 0.5 nmol of RGD-Cy5.5 and 10
mg/kg unlabeled RGD peptide (about 300 nmol). Tumor-to-normal tissue ratios at
different viewing angles (00, 450, and 600) were measured and typical NIR fluorescence
images of U87MG tumor bearing mice mounted at 600 are shown in Fig. 10B (left:
control; right: block). Unlabeled RGD peptide successfully reduced tumor contrast from
3.34 ± 0.38 to 1.43 ± 0.34. Furthermore, ex vivo evaluation of excised organs at 4 h post-
injection (Fig. 10C) showed that the compound was predominantly taken up by the
U87MG tumor, with both tumor fluorescence intensity and contrast significantly higher
than those obtained from in vivo imaging (P < 0.0001).

3.5 -o- 3nmol

--- 0.5 nmol
E 3- .1no

Snormal0
S6E+8 2

C , '0 2.5-
EE 4E+8

2-

. 2E+8 M.
o" 1.5
0

u. E+0 . . . . . . 0

0 4 8 12 16 20 24 0 4 8 12 16 20 24
Time after injection (h) time after injection (h)

A B
Fig. 11 (A): Quantification and kinetics of in vivo targeting character of RGD-Cy5.5 conjugate.
Fluorescence intensity was recorded as photons per second per centimeter squared per
steradian (p/s/cm2/sr). Tumor fluorescence washout was slower than the normal tissue. (B) Dose
dependent tumor contrast (tumor-to-normal tissue ratio) as a function of time postadministration:
3 nmol (o), 0.5 nmol (w,), and 0.1 nmol (A). The tumor contrast with intermediate dose (0.5 nmol)
was significantly higher than both high dose (3 nmol) and low dose (0.1 nmol) at all time points
examined.

We also tested the dimeric and tetrameric RGD peptides which had higher integrin
binding affinity than the monomeric analog (Fig. 12) for NIR fluorescence imaging with
Xenogen IVIS 200 system. The three conjugates were evaluated in a tumor xenograft
model in order to investigate the effect of integrin avidity and molecular size of the RGD
peptides on tumor targeting efficacy of the resulting Cy5.5 conjugates.
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18000- m echsitatin (IC50 = 1.22 nmol/L)

15000- A A RGD-mono-Cy5.5 (1C50 = 42.9 nmoI/L)

1 RGD-dimer-Cy5.5 (IC50 = 27.5 nmol/L)12000
0 * RGD-tetramer-Cy5.5 (IC5o = 12.1 nmol/L)
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Fig. 12 Competition of specific binding of 1251-echistatin with unlabeled echistatin, c(RGDyK)-
Cy5.5, E[c(RGDyK)]2-Cy5.5, and E[Ec(RGDyK)]2]2-Cy5.5 to integrin positive U87MG glioblastoma
cells.

They all specifically accumulate in the integrin-expressing tumor cells in cell culture. The
subcutaneous U87MG tumor can be clearly visualized with these three fluorescence
probes. Moreover, the tumor uptake of the NIR probes can be inhibited by co-injection
with c(RGDyK), demonstrating the in vivo integrin receptor targeting specificity of the
Cydye-RGDs. The tumor/background ratios for Cy5.5-RGD tetramer are slightly higher
than that of Cy5.5-RGD monomer and dimmer at all time points examined (Fig. 13).

Monomer

it I

Dimer o

Tetramer

0.5h 1 h 2h 4h 24h

Fig. 13 Multiple time point near-infrared fluorescence imaging of subcutaneous U87MG
glioblastoma tumor bearing athymic nude mice after intravenous injection of appropriate RGD-
Cy5.5 conjugate. From top to bottom: c(RGDyK)-Cy5.5 (monomer), middle: E[c(RGDyK)]2-Cy5.5
(dimer), bottom: E[E[c(RGDyK)]2]2-Cy5.5 (tetramer).
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Encouraged by the ability of RGD-Cy5.5 conjugates to image subcutaneous U87MG
glioma models, we applied both Cy5.5 labeled dimeric and tetrameric RGD peptides for
androgen-independent breast cancer MDA-MB-435 tumor targeting. Cell binding assay
using 125I-echistatin as radioligand showed that both NIR probes had nanomolar binding
affinity for integrin avP 3 expressed on the surface of the tumor cells (Fig. 14). RGD
tetramer provided long-lasting integrin specific uptake in the tumor and the tumor-to-
background contrast was up to 3.5 (Fig. 15).

Breast Cancer MDA-MB-435 Fig. 14 Competition of
26500 specific binding of 1251_

200 Cy5.5-D6mer-RGD ICno = echistatin with unlabeled
2000- 15.6 n echistatin, c(RGDyK)-

Cy55-Tetra-RGD IC=1o Cy5.5, E[c(RGDyK)] 2-150- 1.4nMCy5.5, and
1000. 

E[Ec(RGDyK)]2]2-Cy5.5
to integrin positive MDA-

80. MB-435 breast cancer
o cells.

0.
-12 -11 -10 -9 i -7 4 -5

Log[M]

0.5 hr I hr 2 hr 4 hr 19 hr

5.0E-409 -+-NUAU-435 35 -

1.E0 -U-Nm" 2. ~-
S 2.5

E-09 - 1.5-

5Z .0E+00 . . . .5

0 5 10 15 20
0 5 10 15 20 Time after Injection (h)

T~imeatr ireionQ (N____________

Fig. 15 NIR fluorescence imaging of MDA-MD-435 tumor bearing nude mice by tail injection of
Cy5.5-E[E[c(RGDyK) 2]2 (500 pmol/animal). The tumor activity accumulation reaches maxima at
early times points and tumor contrast (as compared to contralateral background) increases with
time elapsed.
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KEY RESEARCH ACCOMPLISHMENTS

"* Synthesized a series of cyclic RGD peptide antagonists of cell adhesion molecule
integrin a,033;

"* Conjugated RGD peptides with water-soluble quantum dots (EviTags);
"* RGD-EviTag conjugates indicated receptor specific cell uptake and high photo-

resistance, which turns out to be unstable in vivo;
"* Fluorescent dye Cy5.5 labeled RGD peptides provides sensitive and

semiquantitative NIR fluorescence imaging of integrin positive tumors including
breast cancer.
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REPORTABLE OUTCOMES

Publications partially supported by this grant:

1. Chen X, Conti PS, Moats RA. In vivo near-infrared fluorescence imaging of
integrin alphavbeta3 in brain tumor xenografts. Cancer Res. 2004 Nov
1;64(21):8009-14.

2. Chen X, Hou Y, Tohme M, Park R, Khankaldyyan V, Gonzales-Gomez I, Bading
JR, Laug WE, Conti PS. Pegylated Arg-Gly-Asp peptide: 64Cu labeling
and PET imaging of brain tumor alphavbeta3-integrin expression. J Nucl
Med. 2004 Oct;45(10):1776-83.

3. Chen X, Liu S, Hou Y, Tohme M, Park R, Bading JR, Conti PS. MicroPET
imaging of breast cancer alphav-integrin expression with 64Cu-labeled
dimeric RGD peptides. Mol Imaging Biol. 2004 Sep-Oct;6(5):350-9.

4. Chen X, Park R, Hou Y, Khankaldyyan V, Gonzales-Gomez I, Tohme M, Bading
JR, Laug WE, Conti PS. MicroPET imaging of brain tumor angiogenesis
with 18F-labeled PEGylated RGD peptide. Eur J Nucl Med Mol Imaging.
2004 Aug;31(8):1081-9.

Funding applied:

A R21 proposal in response to NCI RFA #: PAR-03-157, entitled: "Industry-Academic
Partnership for Development of Biomedical Imaging System and Methods That Are
Cancer Specific" was recently submitted. The proposal title is "Development of EviTag
Quantum Dot for Tumor Angiogenesis Imaging".
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CONCLUSIONS

Optical imaging, which uses neither ionizing radiation nor radioactive materials, is
emerging as a complement to nuclear imaging methods. Near-infrared fluorescence
emitting quantum dot nanoparticles and fluorescent dyes are both useful fluorophores for
in vitro and in vivo applications. However, the surface coating of water-soluble quantum
dots needs further systematic investigation to facilitate non-invasive in vivo imaging.
RGD-Cy5.5 system provides the opportunity for rapid and cost-effective structure-
activity studies to screen newly developed probes, before the more costly radionuclide-
based imaging studies. A noninvasive imaging paradigm to image angiogenesis could
provide a significant benefit to patient segmentation with cancer as well as with
cardiovascular disease. Further development of more potent UYAB3 integrin antagonists for
labeling Cy5.5 and other red-absorbing fluorescent dyes are now in progress for better
tumor targeting and visualization of deep-lying tissues. The use of a time-domain optical
imaging platform (e.g., low-intensity pulsed laser source), instead of continuous wave
technique (e.g., tungsten light source), to obtain tomographic (three-dimensional) images
and to subtract autofluorescence background based on their different fluorescence life
time is also being explored.
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In vivo Near-Infrared Fluorescence Imaging of Integrin av/ 3 in Brain
Tumor Xenografts

Xiaoyuan Chen,1'2 Peter S. Conti,1 and Rex A. Moats 3

'PET Imaging Science Center, University of Southern California Keck School of Medicine, Los Angeles, California; 
2
Molecular Imaging Program at Stanford, Stanford

University, Stanford, California; and 
3
Departments of Pediatrics, Radiology, and Pathology, Children's Hospital Los Angeles, Los Angeles, California

ABSTRACT peptides with different radionuclides for positron emission tomogra-
Noninvasive visualization of cell adhsesion molecule gP 3 integrin ex- phy (PET; refs. 14-17) and single-photon emission computed tomog-
pressioninvsivo hasualizatn ofwell studied siong tole radiucle inegring raphy (SPECT; 18, 19) imaging of a,-integrin expression in various

pression in viva has been well studied by using the radionuclide imaging preclinical xenograft models, with tumor targeting efficacy and in vivo

modalities in various preclinical tumor models. A literature survey indi-

cated no previous use of cyanine dyes as contrast agents for in vivo optical kinetics profiles being a factor of the receptor binding affinity and

detection of tumor integrin. Herein, we report the integrin recep- hydrophilicity, as well as of the metabolic stability of the radiotracers.

tor specificity of novel peptide-dye conjugate arginine-glycine-aspartic Although radionuclide imaging modalities are characteristic of high

acid (RGD)-Cy5.5 as a contrast agent in vitro, in vivo, and ex vivo. sensitivity and noninvasiveness, they often suffer from poor spatial
The RGD-Cy5.5 exhibited intermediate affinity for jp3l integrin and temporal resolution. Another characteristic of PET imaging, in
(IC50 = 58.1 ±t 5.6 nmolIL). The conjugate led to elevated cell-associated particular, is the need for a local cyclotron to generate short-lived
fluorescence on integrin-expressing tumor cells and endothelial cells and positron emitting radionuclides and a synthetic unit to produce the
produced minimal cell fluorescence when coincubated with c(RGDyK). In biologically useful probes. A relatively inexpensive, robust, and
vivo imaging with a prototype three-dimensional small-animal imaging straightforward way of measuring integrin levels at least in a relative
system visualized subcutaneous U87MG glioblastoma xenograft with a manner that also provides the possibility of semiquantitative evalua-
broad range of concentrations of fluorescent probe administered via the
tail vein. The intermediate dose (0.5 nmol) produces better tumor contrast
than high dose (3 nmol) and low dose (0.1 nmol) during 30 minutes to 24 which uses neither ionizing radiation nor radioactive materials, is

hours postinjection, because of partial self-inhibition of receptor-specific emerging as a complement to nuclear imaging methods. The major
tumor uptake at high dose and the presence of significant amount of limitation of light is the high absorption and scattering that occur in
background fluorescence at low dose, respectively. The tumor contrast biological tissues and, thus, the limited penetration of the light
was also dependent on the mouse viewing angles. Tumor uptake of RGD- through the body. However, in small animals, the required path-length
Cy5.5 was blocked by unlabeled c(RGDyK). This study suggests that the of light is much shorter, which makes the use of optics more feasible.
combination of the specificity of RGD peptide/integrin interaction with The ease of using short acquisition times also allows the collection of
near-infrared fluorescence detection may be applied to noninvasive imag- multiple time points and examinations in the same animal. Near-
ing of integrin expression and monitoring anti-integrin treatment efficacy infrared (NIR) fluorescence imaging, in particular, is expected to have
providing near real-time measurements. a major impact in biomedical imaging of specific targeting. In general,

INTRODUCTION biological tissues exhibit a high photon absorbance in both the visible
wavelength range (350-700 nm; secondary to hemoglobin, tissue

Integrins a,9 3 and a (35 seem to play a critical role in regulating pigments, and so forth) and in the infrared range (> 900 nm; second-

tumor growth and metastasis as well as tumor angiogenesis (1-5). ary to lipids and water). However, in the NIR region (700-900 nm)

Although only minimally expressed in quiescent blood vessels and the absorbance spectra for all biomolecules reach minima. Hence,

normal cells, ca, integrins are significantly up-regulated in sprouting NIR fluorescence light offers a unique advantage for the imaging of
tumor vessels and solid tumor cells of various origins (4, 5), and their pathophysiological states (20). Thus, we chose the widely used Cy5.5

expression levels correlate well with the aggressiveness of the disease dye for our optical imaging studies.

(6-8). Antibodies, small inhibitory peptides, and nonpeptide antago- NIR fluorescent dye Cy5.5 has proved to be a promising contrast

nists of at,-integrins have thus been developed as potential antiangio- agent for the in vivo demarcation of tumors by several groups (21-24).

genic strategies (1, 9-11). This dye has absorbance maximum at 675 nm and emission maximum

The ability to noninvasively visualize and quantify av-integrin level at 694 nm, and can be detected in vivo at subnanomole quantities and

in vivo would allow us to understand the intrinsic relationship between at depths sufficient for experimental or clinical imaging depending on

at-integrin expression and tumor growth and spread, to evaluate the NIR fluorescence image acquisition technique. In this study, we

anti-integrin treatment efficacy, and to develop new integrin antago- report in vivo NIR fluorescence imaging of integrin cav3 3-positive

nists of high potency (12, 13) with pertinent in vivo pharmacokinetics. U87MG glioblastoma model targeted by a RGD-Cy5.5 conjugate. We

With a similar aim in mind, researchers have labeled a series of demonstrate receptor specificity and long-lasting tumor accumulation
monomeric and dimeric cyclic arginine-glycine-aspartic acid (RGD) of this fluorescent probe in human primary tumor cells in mouse

xenografts.
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(St. Louis, MO). Chromalux HB microplates were obtained from Dynex noise floor was above gray value zero. There was no autofluorescence in
Technologies (Chantilly, VA). PMT2 (Cy5.5 channel).

Synthesis and Characterization of RGD-Cy5.5. Cyclic RGD peptide In vivo Optical Imaging System. In vivo fluorescence imaging was per-
[c(RGDyK; 3 mg, 4.84 /mol] dissolved in 1 mL of 0.1 mol/L sodium borate formed with a prototype Xenogen IVIS three-dimensional small-animal in vivo
(Na2B4O7) buffer (pH = 8.3) was mixed with Cy5.5-NHS (5.6 mg, 5 /mol) in imaging system (Xenogen, Alameda, CA), with both bioluminescence and
H20 (1 mL) in the dark at 4°C. After stirring overnight in the dark at 4°C, we fluorescence capabilities. The Xenogen instrument is a temperature-controlled,
quenched the reaction by adding 200 A1L of 5% acetic acid (HOAc). The light-tight box with a cryogenically cooled back-illuminated digital charge-
purification of the crude product was carried out on a semipreparative re- coupled device (CCD) camera, and anesthesia inlet and nose cone and gas
versed-phase high-performance liquid chromatography (HPLC) system (Wa- outlet. For fluorescence a 150-W tungsten-halogen lamp is used with a light
ters 515 chromatography system with a 486 tunable absorbance detector). guide to a six-position excitation filter wheel. A second filter wheel, with large
Version 7.2.1 Labtech Notebook/XE software (Andover, MA) was used to aperture to accommodate the camera, has six emission positions. Images and
record chromatograms. Purification was performed on a Vydac protein and measurements of fluorescent signals were acquired and analyzed with Living
peptide column 218TP510 (5 /m, 250 X 10 mm). The flow was 5 mL/minute, Image software. An optimized Cy5.5 filter set was used for acquiring RGD-
with the mobile phase starting from 95% solvent A (0.1% trifluoroacetic acid Cy5.5 fluorescence in vivo. Identical illumination settings (lamp voltage,
in water) and 5% solvent B (0.1% trifluoroacetic acid in acetonitrile; 0 to 2 filters) were used for all images, and fluorescence emission was normalized to
minutes) to 35% solvent A and 65% solvent B at 32 minutes. The analytic photons per second per centimeter squared per steradian (p/s/cm2 /sr), as is
HPLC method was performed with the same gradient system but with a Vydac common in bioluminescence imaging. Mice were given injections via tail vein
218TP54 column (5 A.m, 250 X 4.6 mm) and flow was 1 mL/minute. The with different amounts of RGD-Cy5.5 (0.1 to 3 nmol) and were anesthetized
absorbance was monitored at 218 nm. The peak containing the RGD-Cy5.5 with 2 to 3% isoflurane (Abbott Laboratories) before they were placed in the
conjugate was collected, lyophilized, redissolved in saline at a concentration of Xenogen and imaged at various time points postinjection with a sampling of
1 mg/mL, and stored in the dark at -80°C until use. multiple angles while remaining sedated. A mouse that received an injection of

Solid-Phase Receptor Binding Assay. The standard assay was carried out 0.5 nmol of RGD-Cy5.5 was euthanized at 4 hours postinjection, the tumor and
as described previously with modifications (26). Microtiter-2 96-well plates major tissue and organs were dissected, and fluorescence image was obtained.
were coated with 100 pL-per-well integrin o`13 3 (500 ng/mL) in coating buffer Data Processing and Statistics. All of the data are given as means ± SD
[25 mmolIL Tris-HCI (pH 7.4), 150 mmol/L NaCI, 1 mmol/L CaCI2, 0.5 of n independent measurements. Statistical analysis was performed with a
mmol/L MgCi 2, and I mmol/L MnCI2] for 16 hours at 4°C, and the wells were Student's t test. Statistical significance was assigned for P values < 0.05. For
blocked for 2 hours with 200 AL blocking buffer (coating buffer in the determining tumor contrast, mean fluorescence intensities and mean fluores-
presence of 1% radioimmunoassay grade bovine serum albumin). The plate cence intensities of the tumor (M) area at the right shoulder of the animal and
was washed twice with binding buffer (coating buffer in the presence of 0.1% of the corresponding area [normal tissue (N)] at the left shoulder were calcu-
bovine serum albumin) and then was incubated with 1251-labeled echistatin lated by the region-of-interest function of Living Image software (Xenogen)
(0.06 nmol/L) in the presence of different concentrations of RGD peptide (0.1 integrated with Igor (Wavemetrics, Lake Oswego, OR). Dividing T by N
nmol/L to 5 jAmol/L) at room temperature for 3 hours. After incubation, the yielded the contrast between tumor tissue and normal tissue.
plate was washed three times with binding buffer, and the radioactivity was
solubilized with 2 molIL boiling NaOH and was subjected to gamma-counting RESULTS
(Packard, Meriden, CT). Nonspecific binding of 125 1-labeled echistatin to a1033
was determined in the presence of 100 nmolIL echistatin. The IC50 values were Synthesis and Characterization of RGD-CyS.5. The schematic
calculated by nonlinear regression analysis with the GraphPad Prism comput- molecule structure of c(RGDyK)-Cy5.5 conjugate (RGD-Cy5.5) is
er-fitting program (GraphPad Software, Inc., San Diego, CA). Each data point shown in Fig. 1. The NHS ester of the NIR fluorophore Cy5.5 is
is a result of the average of triplicate wells, reacted with the E-amino group of the lysine residue and purified by

Cell Lines. Human glioblastoma cell line U87MG was obtained from semipreparative HPLC. The absorption and fluorescence emission
American Type Culture Collection (Manassas, VA) and was maintained at
37°C in a humidified atmosphere containing 5% CO 2 in Iscove's modified characteristics of RGD-Cy5.5 conjugate were similar to those of free

Dulbecco's medium and 5% fetal bovine serum (Life Technologies, Inc., Cy5.5, as apparent from the spectra measured in H20, except that the

Grand island, NY). Primary human brain capillary endothelial cells (HBCECs) emission maximum slightly blue shifted from 694 nm (Cy5.5-NHS
were isolated, characterized, and grown in RPMI 1640 with 10% fetal bovine ester) to 690 nm (RGD-Cy5.5 conjugate). The yield of RGD-Cy5.5
serum in 5% CO2 at 37°C. conjugate was typically 70 to 75% as calculated with

Tumor Xenografts. Animal procedures were performed according to a e67 1 ,m = 250,000 (mol/L)-'cm-1 . The retention time on analytical
protocol approved by the University of Southern California Institutional An- HPLC was 16.6 minutes. Matrix-assisted laser desorption/ionization-
imal Care and Use Committee. Female athymic nude mice (nulnu), obtained time-of-flight mass spectrometry (MALDI-TOF MS): mlz = 1518.4
from Harlan (Indianapolis, IN) at 4 to 6 weeks of age, were given injections for [M + H]+ (calculated Mr for C6sH, 3 N11021S4 , 1518.7),
subcutaneously in the right foreleg with 5 X 106 U87MG glioblastoma cells m/z = 1536.4 for [M + Na]+, and mnz = 1556.4 for [M + K]+.
suspended in 100 p.L of PBS. When the tumors reached 0.4 to 0.6 cm in
diameter (14-21 days after implant), the tumor-bearing mice were subject to
in vivo imaging studies.

Confocal Microscopy. We used a Leica TCS SP1 confocal optics, Ar ion $03' sw
(488 nm), Kr ion (568 nm), and HeNe (633 nm) lasers on a Leica DM IRBE
microscope stand with HCX PL APO CS 63 X/1.40 NA oil immersion
objective lens, pinhole 1.0 Airy units, nominal Z resolution 236 nm, image 0 $O-"
(310 X 310-nm pixel size, medium speed, -1 second per scan frame, N N'1
512 X 512 pixel image format, with 8 frame averaging. For laser confocal
microscopy, cells grown on 35-mm MatTek imaging dishes (Cat no. P35G-0- LYey,
14-C, Ashland, MA) were washed with PBS and then were incubated at 37pC i0- ---- l N
in the presence of 100 nmol/L RGD-Cy5.5 for 1 hour. Afterward, cells were
washed in ice-cold PBS and were examined with a TD488/568/633 dichroic O 0 ROD4•y5.5
beam splitter, simultaneous 488-nm excitation and photomultiplier tube-1 O'"l,_ O •),, ýN-
(PMTI) 522-to-578 nm emission for autofluorescence, 633-nm excitation, and Asp ,•N.. - i NH
PMT2 685-to-765 nm emission for RGD-Cy5.5 and both lasers for (noncon- 0
focal) bright-field transmitted light. PMT1 and 2 were operated at high gain Gly
(1167 and 1054 V, respectively) and were offset adjusted such that the no-light Fig. 1. Schematic structure of the RGD-Cy5.5 conjugate.
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* 100 In vivo Fluorescence Imaging with RGD-Cy5.5. Figure 4A
"shows typical NIR fluorescence images of athymic nude mice bearing

J2 80 subcutaneous U87MG glioblastoma tumor after intravenous injection
U of 3 nmol of RGD-Cy5.5. The whole animal became fluorescent

immediately after injection, and the subcutaneous U87MG tumor
40- could be clearly delineated from the surrounding background tissue

from 30 minutes to 24 hours postinjection with maximum contrast
X occurring -4 hours postinjection. Significantly, the amount of fluo-

rescence was still detectable in the tumor at 48 hours after contrast
o 0 injection (data not shown). The fluorescence intensities defined as

-11 -10 -9 -8 -7 -6 .5 photons per second per centimeter squared per steradian (p/s/cm2/sr)

log [moVL] in the tumor and the normal tissues as a function of time are depicted
in Fig. 5. The tumor uptake reached a maximum at 2 hours postin-

Fig. 2. Competition of specific binding of '"I-labeled echistatin with unlabeled in and sl o r w as hed a maximume th hours no rm al

echistatin (11), c(RGDyK) (A), and c(RGDyK)-CyS.5 (X) to purified a,33 integrin as jection and slowly washed out over time. On the other hand, normal
determined with the solid-phase receptor assay. All of the points were done in triplicate, tissue had rapid uptake and relatively rapid clearance. The dose
Cy5.5 conjugation did not significantly decrease the receptor binding affinity of the dependence of tumor-to-normal tissue contrast was also measured
resulting fluorescent cyclic RGD peptide. (Fig. 5). Substantial difference in tumor contrast was observed from

30 minutes to 4 hours postinjection The mice that were given injec-

Receptor Binding Studies. To determine whether Cy5.5 conjuga- tions of 3-nmol fluorescent probe had the lowest tumor contrast,
tion had any effect on ca,3 3 integrin receptor binding characteristics of whereas those with the 0.5-nmol probe had the highest tumor contrast.
the cyclic RGD peptide c(RGDyK), we measured the IC50 values of The mice injected with the 0.1-nmol probe had intermediate contrast.
the RGD peptide analogues in competitive-type experiments. Binding The difference diminished at the 24-hour time point. The tumor
of cold echistatin, c(RGDyK), and RGD-Cy5.5 competed with "25I- contrast was significantly higher at 600 than at 0' for both control and
labeled echistatin in a concentration-dependent manner (Fig. 2). Mod- block animals.
ification of the RGD peptide with Cy5.5 somewhat decreased its To validate the specificity of the targeting process, we performed a
receptor binding avidity, with the IC50 values for c(RGDyK) and blocking experiment. The control mice were each given injections of
RGD-Cy5.5 being 37.5 ± 3.4 nmol/L and 58.1 ± 5.6 nmol/L, respec- 0.5 nmol of RGD-Cy5.5, and those as in the blocking experiment were
tively. each given coinjections of 0.5 nmol of RGD-Cy5.5 and 10 mg/kg

To demonstrate that the RGD-Cy5.5 conjugate can act as a specific unlabeled RGD peptide (-300 nmol). Tumor-to-normal tissue ratios
ligand for avP33 integrin receptor, the binding and subcellular local- at different viewing angles (0', 450, and 60°) were measured (Table 1)
ization of cyanine dye-labeled RGD peptide were incubated with and typical NIR fluorescence images of U87MG-tumor-bearing mice
U87MG tumor cells and HBCECs that are known to overexpress csv 3

3  mounted at 600 are shown in Fig. 4B (left, control; right, block).
integrin. Negligible signals were detected in both cell lines when cells Unlabeled RGD peptide successfully reduced tumor contrast from
were incubated with Cy5.5 dye (data not shown). Receptor-mediated 3.34 ± 0.38 to 1.43 ± 0.34 (Table 1). Furthermore, ex vivo evaluation
endocytosis of the RGD-Cy5.5 conjugate was observed by confocal of excised organs at 4 hours postinjection (Fig. 4Q showed that the
laser-scanning microscopy in both cell types (Fig. 3A, C and F, H). compound was predominantly taken up by the U87MG tumor, with
Binding of RGD-Cy5.5 to both cell types was completely blocked by both tumor fluorescence intensity and contrast significantly higher
coincubation of the conjugate and c(RGDyK; 1 tMmol/L; Fig. 3D, 1). than those obtained from in vivo imaging (P < 0.0001).

Fig. 3. Specific binding and endocytosis of the CyS.5-labeled cyclic RGD peptide c(RGDyK). Confocal laser-scanning microscopy images of U87MG human glioblastoma (A-E)
and HBCECs (F-J) incubated for 1 hour at 37°C in the presence of 100 nmol/L RGD-Cy5.5 with (D-E, I-J) or without (A-C, F-H) blocking dose of nonfluorescent ROD peptide
c(RGDyK), 10 pmol/L. A, FNIR fluorescence images of U87MG (A) and HBCECs (F); B, G, direct visualization of U87MG (B) and HBCECs (G); C, H, merged images of A/B and
FIG, respectively. D, 1, complete blocking of NIR fluorescence of both U87MG cells (D) and HBCECs (I), demonstrating the high avP3 integrin specificity of the conjugate. E, J, direct
visualization of U87MG (E) and HBCECs (J) under blocking condition.
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Fig. 4. A, in vivo fluorescence imaging of sub-
cutaneous U87MG glioblastoma tumor-bearing
athymic nude mice after intravenous injection of
RGD-Cy5.5 conjugate. Dye-labeled RGD peptide
was administered at a dose of 3 nmollmouse via a
lateral tail vein. All NIR fluorescence images were V 300
acquired with a 120-second exposure time (f
stop = 4) at 10 and 30 minutes (min) and at 1, 2, 200
4, and 24 hours (h) and are normalized to the 100
10-minute (10 min) dorsal image. Arrow, the po-
sition of the tumor. Fluorescence signal from 10 mn 30 mm I h 2 h 4 h 24h
Cy5.5 was pseudo-colored red. B, representative

NIR images (60' mounting angle) of mice bearing
subcutaneous U87MG tumor on the right shoulder 140
demonstrating blocking of RGD-Cy5.5 (0.5 nmol)
uptake in the tumors by coinjection with c(RG-
DyK), 10 mg/kg. Pseudo-color fluorescence im-
ages of tumor-bearing mice were acquired 4 hours
after intravenous injection of RGD-Cy5.5 (left, Ex-
periment) or RGD-Cy5.5 + RGD (right, Block). C,
representative images of dissected organs of a 0
mouse bearing U87MG tumor sacrificed 4 hours
after intravenous injection of RGD-Cy5.5 at a dose 4
of 0.5 nmol equivalent Cy5.5/mouse. 1, U87MG
tumor; 2, muscle; 3, pancreas; 4, liver; 5, kidney; 6, 1 20
spleen; 7, lung. awplit Blodk

B C

DISCUSSION Table 1 Tumor-to-normal tissue ratios at 3 hours postinjection of control (0.5 nmol

RGD-CyS.5) and block (0.5 nmol RGD-Cy5.5 + 100 nnol RGD) mice at different

The emergence of molecular imaging, as a result of unprecedented mounting angles

advances in molecular and cell biology and the availability of a cohort of Mounting angle (0) Control Block
molecular probes that are highly target specific, as well as the successful 0 2.13 t 0.28 0.85 ± 0.17

development of small-animal imaging instrumentation, allows noninva- 45 3.02 ± 0.45 1.33 ± 0.26

sive visualization of molecular events within living subjects. This emer- 60 3.34 ± 0.38 1.43 ± 0.34

gence thus bridges the divide between the established findings from NOTE. The data are denoted as mean ± SD (n = 3).

A 8E+8• -e-tuor in vitro and cell culture assays and the clinical settings for disease
normal interventions (27, 28). Molecular imaging has its root in nuclear medi-

6E+8 cine, which focuses on the management of patients through the use of
46+ injected radiotracers in conjunction with imaging technologies such as
"[ 4E . PET and SPECT (29). The underlying principle can now be tailored to

" 2E+8 other imaging modalities such as optical imaging (30).
Up-regulation of a, integrins (acr33 and ap,35) in tumor cells and

O" 0E+0 , .tumor vasculature, relative to normal surrounding tissues, permits the
0 4 8 12 16 20 24 preferential delivery of suitably labeled integrin antagonists to the

Time after injectio (h) receptor-positive tumors. Previous studies with radiolabeled cyclic
RGD peptides demonstrated the site-specific localization of the trac-

B 3.5 -o-3 rnol ers in the appropriate receptor-positive tumor cells and tumor vessels
-4-0,5 nnol (14-19). Finding of these studies also showed a good correlation

3 . '-0.1 rmol between the magnitude of tumor uptake and receptor expression
levels. In our study, we described the selective retention of NIR dye

2.5 Cy5.5-conjugated RGD peptide in tumors in vivo. Conjugation of
Cy5.5 to RGD peptide did not have significant effect on the optical

2- properties of Cy5.5 nor on the receptor binding affinity and specificity
of the RGD peptide. Our optical imaging method now allows re-

1.5 searchers to confirm the results of the radionucleotide studies with a
1_ complementary method.

0 4 Optical imaging strategies come from the recent development of
0 4 8 "12 18 20 24 targeted bioluminescence probes, fluorescent proteins, and exogenous

time after Injection (h) fluorescent probes. The very sensitive, cryogenically cooled CCD
Fig. 5. A, quantification and kinetics of in vivo targeting character of RGD-Cy5.5 camera allows for acquiring a fluorescence image superimposed on a

conjugate. Fluorescence intensity was recorded as photons per second per centimeter
squared per steradian (p/s/cm

2/sr). Tumor fluorescence washout was slower than that in gray-scale photographic image of the small animal with overlay and
the normal tissue. B, dose-dependent tumor contrast (tumor-to-normal tissue ratio) as a imaging analysis software. Although the Xenogen imaging system is
function of time[hour (h)] after administration: 0, 3 nmol; 0, 0.5 nmol; A, 0.1 nmol. The sensitive enough to visualize the mice and delineate the tumor from
tumor contrast with intermediate dose (0.5 nmol) was significantly higher than for that
with both high dose (3 nmol) and low dose (0.1 nmol) at all time points examined. [E, background when as low as 0.1 nmol of dye-coupled RGD peptide
power (number, 10).] was administered, the tumor contrast [fluorescence intensities of the
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tumor (T) to those of normal tissue (N)] was significantly lower than brightness) with tumor receptor density distribution by immunohisto-
that obtained by applying 0.5 nmol dye molecules (P < 0.001). The chemistry and/or Western blotting are needed to validate the feasibil-
low T-to-N ratio at very "low dose" may be attributed to the inter- ity of noninvasive optical imaging to visualize a,-integrin expression
ference of relatively high background fluorescence and Rayleigh and level in vivo.
Raman scattering (31). It is not surprising that "high dose" (3 nmol) Direct image of dissected tissues and organs revealed very good
administration of fluorescent probe had the lowest tumor contrast at tumor-to-nontumor tissue ratios (Fig. 4C). The tumor-to-muscle ratio
all of the time points examined. It is possible that partial self- was almost twice as much as that observed from in vivo imaging at the
inhibition of receptor-specific uptake in U87MG tumor had occurred same time point, simply because of more effective fluorescence de-
during the imaging studies at such a high dose. The similar phenom- tection without the interference from the skin. However, the quanti-
enon was also observed in receptor-targeted radionuclide imaging fication of ex vivo imaging of excised organs and tissues may not be
(32). It is also noticeable that tumor fluorescence intensity and tumor a true reflection of tissue distribution of the RGD-Cy5.5 conjugate.
contrast had significant difference at different mouse viewing angles. The uptake in the liver and kidneys may be underestimated if the
NIR fluorescence intensity is known to be a function of optical tracer was partially degraded and not detectable by the CCD camera
path-length between excitation light and target (33). The uneven because of the loss of fluorescence of the metabolites. Double labeling
character of the mouse and tumor surfaces as well as differences in of RGD peptide with Cy5.5 and 1251, and analyzing the biodistribution
skin thickness may also be responsible for different tumor contrast at of this construct under the same conditions to correlate the fluores-
different viewing angles. cence quantification and tissue activity accumulation of the conjugate,

Because of the limited tissue penetration ability of Cy5.5 dye, we are required to confirm the ex vivo results.
are successful only in detecting the subcutaneous tumors; the same In conclusion, our study successfully used the RGD peptide-ac,3 3
probe was unable to noninvasively visualize orthotopic U87MG glio- integrin system to introduce a highly sensitive and semiquantitative
blastoma implanted in the mouse forebrain although the dissected NIR fluorescence imaging technique for tumor detection in preclinical
tissue indicated tumor-specific uptake of the fluorescent probe (data animal models. To our knowledge, this is the first example of nonin-
not shown). NIR fluorescence imaging probes that emit at longer vasive imaging of integrin expression with optical modality. This
wavelength, with considerably lower autofluorescence, lower tissue approach provides the opportunity for rapid and cost-effective struc-
scattering, and more photon penetration into living tissue (34) may be ture-activity studies to screen newly developed probes, before the
desirable for intracranial lesion detection. Likewise, fluorescent im- more costly radionuclide-based imaging studies. A noninvasive im-
purities are significantly reduced with longer excitation and detection aging paradigm to image angiogenesis could provide a significant
wavelength. Significantly less tumor contrast measured by noninva- benefit to patient segmentation with cancer as well as with cardiovas-
sive in vivo imaging (Fig. 4A) was observed than that directly meas- cular disease. Further development of more potent a4v3 3 integrin
ured by imaging the dissected tissues (Fig. 4Q. Zaheer et al. (33) antagonists for labeling Cy5.5 and other red-absorbing fluorescent
compared the osteoblastic activity; imaging with and without skin dyes are now in progress for better tumor targeting and visualization
resulted in an intensity attenuation of 44%. This may be attributed to of deep-lying tissues. The use of a time-domain optical imaging
the loss of excitation and emission light density by penetrating the platform (e.g., low-intensity pulsed laser source), instead of continu-
skin in addition to the scatter caused by the skin. It is expected that an ous wave technique (e.g., tungsten light source), to obtain tomo-
NIR dye with longer excitation and emission wavelengths and an graphic (three-dimensional) images and to subtract autofluorescence
appropriate filter set will reduce the interference from the background background based on their different fluorescence life time is also
and, thus, improve the tumor contrast and attain deeper penetration for being explored.
visualization of deep-lying tumors and organs. The use of an optical
coupling medium and/or tomographic imaging (35) may also be
helpful to minimize the effects of skin scattering. ACKNOWLEDGMENTS
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